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[1] We present multipoint Time History of Events and Macroscale Interactions during
Substorms (THEMIS) observations of transient dynamic pressure pulses in the
magnetosheath 3–10 times the background in amplitude, due to enhancements in both the
ion density and velocity. Their spatial dimensions are of the order of 1 RE parallel to
the flow and 0.2–0.5 RE perpendicular to it, inferred from the difference in the
amplitudes observed by the different spacecraft. For the first time, simultaneous
observations of the solar wind and foreshock are also shown, proving no similar dynamic
pressure enhancements exist upstream of the bow shock and that the majority of pulses
are downstream of the quasi-parallel shock. By considering previously suggested
mechanisms for their generation, we show that the pressure pulses cannot be caused by
reconnection, hot flow anomalies, or short, large-amplitude magnetic structures and
that at least some of the pressure pulses appear to be consistent with previous
simulations of solar wind discontinuities interacting with the bow shock. These
simulations predict large-amplitude pulses when the local geometry of the shock changes
from quasi-perpendicular to quasi-parallel, while the opposite case should also produce
notable pulses but typically of lower amplitude. Therefore, in a given region of the
magnetosheath, some of the discontinuities in the solar wind should generate pressure
pulses, whereas others are expected not to. There is also evidence that the pulses can
impinge upon the magnetopause, causing its motion.
Citation: Archer, M. O., T. S. Horbury, and J. P. Eastwood (2012), Magnetosheath pressure pulses: Generation downstream of
the bow shock from solar wind discontinuities, J. Geophys. Res., 117, A05228, doi:10.1029/2011JA017468.
1. Introduction
[2] Solar wind mass, energy, and momentum can be
transferred to Earth’s magnetosphere at the magnetopause,
with the shocked magnetosheath acting as an interface
between the two regions. One in principle should be able to
directly relate conditions at the magnetopause with those
upstream of the bow shock in the pristine solar wind and
foreshock. This requires an understanding of how upstream
phenomena are processed by the bow shock, evolve in the
magnetosheath and impact upon the magnetopause. A vari-
ety of transient phenomena at or near the magnetopause have
been observed which can disturb the boundary and have
effects within the magnetosphere. Bursty magnetic recon-
nection at the magnetopause results in flux transfer events
(FTEs) [e.g., Owen et al., 2008] and the Kelvin-Helmholtz
instability forms surface waves and vortices [e.g., Hasegawa
et al., 2004]. Upstream phenomena are also convected
downstream to themagnetopause including hot flow anomalies
(HFAs) [e.g., Jacobsen et al., 2009], foreshock cavities [e.g.,
Turner et al., 2011] and solar wind pressure pulses [e.g.,
Sibeck, 1990]. The solar wind–bow shock interaction is highly
nonlinear with many complicated feedback mechanisms, thus
it is not simple to predict what the potential magnetosheath and
magnetospheric behavior will be given changes in solar wind
conditions. In this paper we focus on pressure variations in the
magnetosheath, as this is the relevant quantity in terms of the
position and motion of the magnetopause.
[3] Observationally, a number of transient dynamic pres-
sure enhancements described as jets or transient flux events
(TFEs) have been reported in the magnetosheath and at the
magnetopause which cannot be attributed to magnetic
reconnection [e.g., Amata et al., 2011]. Their kinetic energy
density can far exceed that of the undisturbed solar wind and
they are often found during intervals of radial interplanetary
magnetic field [Hietala et al., 2009]. Němeček et al. [1998]
presented evidence, using multipoint observations from
Interball-1 and Magion-4, in the flank magnetosheath of
abrupt (several tens of seconds in duration) 200–300%
increases in ion flux, with flow-parallel dimensions 1 RE.
They proposed that the TFEs were formed due to the inter-
action of foreshock discontinuities with the bow shock and
that they could not be explained by discontinuities in the
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solar wind. However, they could not test this since no
spacecraft were in the vicinity of the bow shock, permitting
parameterization of the magnetic field–shock normal angle
qBn or direct observations of foreshock phenomena.
[4] Savin et al. [2008] reported similar structures in the
magnetosheath near the southern cusp, observed by Cluster,
during a constant, high-speed solar wind stream. Their study
found that the jets’ average duration at the spacecraft was
28 s (corresponding to 1 RE) and that the majority
contained velocity increases relative to the ambient magne-
tosheath flow. In roughly 70% of the jets, peaks in the density
and velocity did not coincide and the peak in the dynamic
pressure more often than not corresponded to the peak in
density.
[5] Further jets resembling those of Němeček et al. [1998]
and Savin et al. [2008] were shown by Amata et al. [2011]
using Cluster observations near the northern cusp during
quiet solar wind, who concluded that in general such jets
were due to a combination of velocity and density
enhancements but that the relative contribution of these two
factors can vary considerably. They observed an indentation
of the magnetopause due to one of the jets, similar to the
distortion reported by Shue et al. [2009], but were unable to
determine the source of the jets, though they did rule out
reconnection.
[6] Other jets qualitatively different to the above, notably
due to density depressions rather than enhancements, have
been presented with postulated origins including the local
curvature changes of the quasi-parallel shock allowing fast
streams of plasma downstream [Hietala et al., 2009], the
bow shock changing from concave (which can occur for
radial IMF [De Sterck et al., 1998; Cable et al., 2007]) to
convex allowing a high-speed solar wind flow into the nor-
mal region of magnetosheath flow [Shue et al., 2009], and
the interaction between the bow shock and an interplanetary
discontinuity [Shue et al., 2009].
[7] Simulations provide a way of understanding how
structures embedded within the solar wind (e.g., Alfvén
waves and discontinuities) could interact with the bow shock
and generate magnetosheath pressure pulses. Lin et al.
[1996a, 1996b] have shown, through one-dimensional MHD
and both one- and two-dimensional hybrid simulations, that
the interaction of interplanetary rotational discontinuities
(RDs) with the bow shock can result in pressure pulses in
the magnetosheath with amplitudes up to 2–3 times the
background magnetosheath pressure. Across these struc-
tures the magnetic field strength decreases, the plasma
density increases and the flow velocity is enhanced, result-
ing in an increase in the dynamic pressure. The hybrid
simulations also showed that the temperature parallel to the
magnetic field increases across the pressure pulses while the
perpendicular temperature decreases, yielding a more iso-
tropic temperature than the typical magnetosheath plasma.
Tsubouchi and Matsumoto [2005] showed similar results in
one-dimensional hybrid simulations, arguing that the gen-
eration and subsequent propagation of the pressure pulse
structures are dominated by particle kinetics, with MHD
proving an inadequate description.
[8] Using the ISEE 1, 2, and 3 spacecraft, Hubert and
Harvey [2000] presented two case studies (one in the flank
magnetosheath and the other in the subsolar magnetosheath)
demonstrating density enhancements anticorrelated with the
magnetic field strength that may be consistent with these
simulations. They did not discuss the magnetosheath flow
velocity and hence whether or not large pressure pulses
resulted. More recently, Tkachenko et al. [2011] have
reported THEMIS observations of dynamic changes in the
magnetopause location and/or structure of magnetopause
layers that were correlated with changes in the orientation of
the magnetosheath magnetic field, measured further upstream.
A number of these field changes exhibited density increases,
but the presence or absence of magnetosheath pressure pulses
was not discussed. These may also be consistent with the
simulations, however in this instance the authors were unable
to link the magnetosheath field changes with the interplanetary
magnetic field (IMF).
[9] It is thus clear that even under fairly average solar wind
conditions the magnetosheath exhibits highly complicated
behavior due to the nonlinear interaction of the solar wind
with the bow shock. Amongst these are abrupt enhancements
in the magnetosheath pressure that can have significant
impacts upon the magnetopause and within the magneto-
sphere, but whose generation is not well understood. Multi-
point observations from spacecraft in the solar wind,
foreshock and magnetosheath make it possible to track
structures’ propagation and evolution through the system,
thereby improving our comprehension of such complicated
processes. In this paper THEMIS observations of transient
dynamic pressure pulses in the dayside magnetosheath are
presented along with, for the first time, simultaneous obser-
vations of the solar wind, foreshock and magnetopause. We
show that their generation cannot be explained by hot flow
anomalies, reconnection or short, large-amplitude magnetic
structures and that at least some of the pressure pulses seem
consistent with the simulations by Lin et al. [1996a, 1996b]
and Tsubouchi and Matsumoto [2005] of solar wind dis-
continuities interacting with the bow shock. We also dem-
onstrate that these pressure pulses impinge upon the
magnetopause causing its motion.
2. Data
[10] THEMIS [Angelopoulos, 2008] consists of five iden-
tically instrumented spacecraft (THA, THB, THC, THD, and
THE). Throughout the summer of 2008 they were arrayed in
orbits permitting the simultaneous observations of the pris-
tine solar wind, foreshock, magnetosheath and outer mag-
netosphere with apogees of 30 (THB), 20 (THC), 12 (THD
and THE), and 10 (THA) RE. In this study, data from the
Fluxgate Magnetometer (FGM) [Auster et al., 2008] and
Electrostatic Analyzer (ESA) [McFadden et al., 2008a] are
used. Magnetic field data are shown at either 0.25 or 3 s
(spin) resolution. Moments of the ion and electron plasma
distribution are displayed every 3 s.
[11] Observations from the ACE and WIND spacecraft are
also utilized, both of which were located in the vicinity of
the Sun-Earth L1 Lagrangian point. ACE’s Magnetic Field
Experiment (MAG) [Smith et al., 1998] and Solar Wind
Electron Proton Alpha Monitor (SWEPAM) [McComas
et al., 1998] are used at cadences of 16 and 64 s respec-
tively. WIND’s Magnetic Field Investigation (MFI) [Lepping
et al., 1995] magnetometer data are used at 3 s resolution and
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Solar Wind Experiment (SWE) [Ogilvie et al., 1995] plasma
measurements are taken every 97 s.
3. Observations
[12] During the dayside phase of the THEMIS mission,
pressure pulses have been observed in the magnetosheath on
a number of days. Here we present one such day, 30 Sep-
tember 2008, in detail. The orbits of the THEMIS spacecraft
are shown in Figure 1, with the spacecraft positions given
for 15:00 UT. THB, in the solar wind, was located 18 RE
upstream of the Earth on the dawn flank. THC was ini-
tially upstream of the bow shock and encountered the
shock a number of times until 19:30 UT after which it tra-
versed the entire magnetosheath, crossing the magnetopause
at 21:54 UT. THD entered the magnetosheath on its out-
bound pass at approximately 14:38 UT followed closely by
THE at 15:01 UT. Both spacecraft remained in the magne-
tosheath, around 1 RE apart, until 22:47 UT and 23:21 UT
respectively. THA was also in the magnetosheath from
14:58–17:01 UT, subsequently entering the magnetosphere.
3.1. Magnetosheath Observations
[13] Both THD and THE observed periods of large-
amplitude pressure pulses in the magnetosheath. While
pressure pulses can often be found on the surface of or close
to the magnetopause, we shall focus purely on pressure
pulses well within the magnetosheath since jets can be
deflected or reflected at the boundary [Amata et al., 2011]
making their upstream origin more difficult to discern. An
example interval of pressure pulses in the magnetosheath
proper are shown in Figure 2. We note that identifying
individual pressure pulses can be fairly subjective, some
pulses (usually the largest in amplitude) are quite obvious
however others are more subtle or vague, especially since
the observed pressure profiles vary significantly between
pulses. To help address this problem, in this paper we
identify pulses with enhancements in the dynamic pressure
≳1 nPa. Such pressure pulses were typically of duration 10 s
to 2 min in the spacecraft frame and tended to recur on time
scales of 3–5 min, however there were also large periods of
time (of the order of an hour) when no pulses were observed
at all.
[14] The amplitude of the total pressure (thermal +
dynamic + magnetic) of the pulses was 1–3 times that of the
ambient magnetosheath plasma. It is of interest to determine
what the individual contributions to the total magnetosheath
pressure were for these pulses. It was found that the com-
bined ion and electron thermal pressure (calculated using the
ideal gas equation with the average isotropic temperature)
was fairly steady at around 1–2 nPa, showing no large,
sudden increases; the magnetic pressure was small at
roughly 0.3 nPa (i.e., the plasma beta was greater than
unity); and the dynamic pressure showed abrupt enhance-
ments around 3–10 times the average background value. It is
these enhancements in dynamic pressure which caused the
pulses in total pressure.
[15] The increases in dynamic pressure were due to both
enhancements in the ion density and the flow velocity. To
establish which of these was dominant, to compare with the
findings of Savin et al. [2008] and Amata et al. [2011], we
define both terms in the dynamic pressure as being equal to a
running average over a time scale much longer than the
recurrence of pressure pulses plus some deviation, i.e.,
r ¼ rh i þ dr; ð1aÞ
v2 ¼ v2 þ d v2 ; ð1bÞ
where r is the density; v the flow velocity; angular brackets
denote the time averaging procedure; and d represents the
deviation from that average. The time averaging yields
quantities similar to those expected from simple gas dynamic
shock theory [Spreiter et al., 1966], whereas the deviations
Figure 1. THEMIS orbits projected in the x-y and y-z GSE planes for 30 September 2008 12:00–
00:00 UT. The spacecraft positions are shown for 15:00 UT. THB was located 18 RE upstream of
the Earth in the GSE x direction. The magnetopause (dashed line) and bow shock (solid line) are also
shown using the Farris et al. [1991] and Peredo et al. [1995] models, respectively.
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represent the transient phenomena. It was found that the
results were not particularly sensitive to the choice of aver-
aging period so long as it was suitably large, e.g., 20 min as
used here. Using equations (1a) and (1b) and the approxi-
mation 〈rv2〉≃ 〈r〉〈v2〉 (valid given that the averaging period
is much greater than the correlation scale), it is possible to
consider the contribution of density and velocity enhance-
ments to the amplitude of the dynamic pressure
d rv2
  ¼ rv2  rv2 ; ð2aÞ
≃ rv2  rh i v2 ; ð2bÞ
≃ dr v2
 þ rh id v2 þ drd v2 : ð2cÞ
[16] The first term on the right hand side of equation (2c)
refers to the contribution due to density increases, the second
term is due to velocity increases, and the third is a correla-
tion term. It was found that the velocity term dominated in
these pressure pulses, being typically 1.5–3 nPa, whereas the
density and correlation terms were roughly 0.5–1 nPa. The
results of this analysis are in agreement with the more
qualitative findings of Amata et al. [2011]. The direction of
the flow velocity was not significantly changed during the
velocity enhancements, though there were periods where
nearby waves and turbulence caused some scatter in flow
velocity.
[17] During pressure pulse intervals, the probability den-
sity function (PDF) of the dynamic pressure was well
described by a Gaussian distribution with an extra contri-
bution at higher dynamic pressure forming an approxi-
mately exponentially decaying tail (similar to those shown
by Savin et al. [2008]). In the absence of pressure pulses,
no such tail existed. The pressure pulses were super-
Alfvénic, with Alfvénic Mach numbers (MA) typically 2–9,
but were generally not supermagnetosonic, with only the
very largest amplitude pulses (and hence fastest) having a
magnetosonic Mach number (Mms) close to unity, unlike
those reported by Savin et al. [2008, 2011] which were
significantly supermagnetosonic.
[18] Bivariate PDFs of the ion temperature, both parallel
and perpendicular to the local magnetic field, show that for
higher dynamic pressure the magnetosheath plasma was
colder than average with the temperature decrease being
greater for the perpendicular temperature. As can be seen in
Figure 2e the ion temperature became approximately iso-
tropic around the pressure pulses and indeed PDFs show that
no high dynamic pressure plasma was associated with hot
anisotropic temperatures.
[19] The THD and THE spacecraft were separated by
roughly 1 RE throughout their excursion in the magne-
tosheath (Figure 1) and showed notable differences in the
amplitudes of the various pressure pulses. Figure 3 demon-
strates this disparity in amplitudes for one interval of
pressure pulses, which in the most extreme cases resulted
in one spacecraft observing a large enhancement in
dynamic pressure with the other seeing no increase at all
Figure 2. An interval of pressure pulses in the magnetosheath as observed by THD. (a) Total pressure
(thermal + dynamic + magnetic) in black and dynamic pressure in turquoise. Pressure pulses are identified
by arrows. (b) Ion number density. (c) GSE components of the ion velocity, where blue, green, and red are
x, y, and z, respectively. Velocity magnitude is shown in black. (d) Ion energy spectrogram, where the
color scale represents the differential energy flux in eV/(cm2 s sr eV). (e) Ion temperatures parallel (red)
and perpendicular (black) to the local magnetic field. (f) GSE components of the magnetic field.
(g) The strength of the magnetic field.
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(e.g., at 18:51 UT). This suggests the spatial dimensions of
the pulses were of the order of 0.2–0.5 RE perpendicular
to the average flow, or that pressure pulses exhibit much
variability over such spatial scales. From the time differ-
ences between the observations of pressure pulses by the
two spacecraft, the dimensions parallel to the flow were
calculated to be 1 RE, consistent with the findings of
Němeček et al. [1998] and Savin et al. [2008].
3.2. Solar Wind Observations
[20] During this period THB was in the solar wind
and observed many discontinuities in the magnetic field.
Unfortunately THB plasma data were not available so the
ACE and WIND spacecraft, in the vicinity of the Sun-Earth
L1 Lagrangian point, are used as upstream solar wind
monitors. The orientation of discontinuity layers in the solar
wind is important in being able to propagate the measured
upstream solar wind at L1 to Earth [Mailyan et al., 2008]. In
general this orientation can and does vary between dis-
continuities, but during some intervals discontinuities are
sufficiently coplanar allowing a simple constant time lag to
be applied between spacecraft.
[21] ACE magnetic field data lagged by 72 min showed
excellent agreement with THB observations between 15:00
and 20:00 UT (the correlation coefficient in the GSE z
component was 0.95) whereas WIND data lagged by 84 min
agreed less well (especially in the GSE x and y components),
since it was further displaced from the Sun-Earth line. From
the positions of the spacecraft and the empirical time lags
between them it was found that the discontinuity layers were
oblique to the solar wind flow; hence, the time lag between
two points in the solar wind Dt will not necessarily increase
with Dx (the GSE x separation of the points). The magnetic
field as measured by ACE is shown in Figure 4a, lagged here
by 69 min to correlate to THD observations downstream of
the shock (note that all discussion refers to lagged data).
[22] ACE proton velocity data show that this was a
period of slow wind with steadily increasing velocity from
360 km s1 at around 15:00 UT to 470 km s1 at around
20:00 UT, with the velocity remaining approximately con-
stant from then on. The ion density was not available for the
full interval of interest, though WIND proton density and
flow velocity data showed good agreement with the existing
ACE data. The solar wind dynamic pressure as measured by
WIND is shown in Figure 4g as the black line (lagged by
79 min here to match up with THD). It is evident that there
were no dynamic pressure pulses in the solar wind to account
for those observed in the magnetosheath. The solar wind
dynamic pressure varied relatively smoothly and over much
longer time periods than the duration of magnetosheath
pressure pulses, with a standard deviation of only 0.5 nPa.
3.3. Foreshock Observations
[23] Upstream of the bow shock, THC observed the same
discontinuities in the magnetic field as THB and ACE as
well as periods of backstreaming suprathermal ions (see
Figure 4d) and 30–40 s ULF waves (Figure 4b) charac-
teristic of the ion and ULF foreshocks [e.g., Eastwood et al.,
2005]. These can be explained by the solar wind dis-
continuities changing the orientation of the IMF, thereby
affecting the geometry of the bow shock and hence the
morphology of the foreshock.
[24] Since the system is driven by the pristine solar wind,
it is desirable to be able to predict the morphology of the
foreshock and existence of ULF waves using the upstream
magnetic field. The presence of ULF waves in the THC data
means that ACE, although further upstream, provides a
better measure of the IMF, especially on this day when there
is excellent overall agreement between spacecraft. By trac-
ing the IMF to a model bow shock, the magnetic field–shock
normal angle qBn at the point of intersection can be com-
puted as a function of time. The Peredo et al. [1995] model
of the bow shock was employed using general supercritical
coefficients (upstream Mach numbers were MA  8.3 and
Mms  6.6), average solar wind conditions and the shock
standoff distance set by requiring the observed shock cross-
ing of THC at 19:30 UT to lie on the model shock surface.
Assuming that THC is connected to the shock by straight
magnetic field lines, the orientation of each magnetic field
vector can be used to identify the intersection point on the
model shock and hence the angle qBn. The results of this
calculation are shown in Figure 4c, where the acute angles
have been taken. Previous studies (the statistical results of
Le and Russell [1992] and those of Eastwood et al. [2005]
who used a similar method to that presented here) have
shown that ULF waves are observed in regions magneti-
cally connected to the quasi-parallel shock. Figures 4b–4d
show that when qBn dropped below 45, THC observed
suprathermal ions and ULF waves as expected.
[25] Associated with the observed periods of ULF waves
were dynamic pressure variations in the foreshock, shown in
Figure 4g as the green line. Since THEMIS sometimes
underestimates the ion density in the solar wind [McFadden
et al., 2008a, 2008b], the electron density has been used in
the calculation of the dynamic pressure measured by THC.
Again the observed variations in dynamic pressure in the
Figure 3. Dynamic pressure in the magnetosheath as mea-
sured by THD and THE with pressure pulses identified by
arrows. The spacecraft were separated by 0.15–0.4 RE per-
pendicular to the flow at this time.
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Figure 4
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foreshock are dissimilar to the magnetosheath pressure pul-
ses: they are oscillatory, rather than predominantly showing
enhancements; their amplitudes (0.5 nPa) are much lower;
and they are vastly more numerous.
4. Analysis
4.1. Possible Origins
[26] It has been shown that magnetosheath pressure pulses
cannot be explained by similar pulses existing in the solar
wind or foreshock, therefore they must be generated either at
the bow shock or in the magnetosheath itself. We compare
the observations against a number of previously proposed
phenomena.
4.1.1. Reconnection
[27] Simulations [e.g., Pang et al., 2010] and observations
[e.g., Phan et al., 2007] have provided evidence that
reconnection jets can exist in the magnetosheath due to the
compression of solar wind current sheets at the bow shock.
The signatures of such reconnection are accelerated plasma
outflows, interpenetrating ion beams, reconnection inflows
and the associated tangential reconnection electric field.
While in many cases the dynamic pressure enhancements
reported here seem to occur in the vicinity of changes in the
orientation of the magnetosheath magnetic field, they cannot
be explained by such reconnection jets: the velocity increa-
ses were much greater than the local Alfvén speed
(Figure 4i) and there was little velocity deflection meaning
the Walén relation [e.g., Walén, 1944; Gosling et al., 2005]
did not hold; and no counterstreaming ion beams (which
would provide evidence of magnetic connection across the
exhaust [e.g., Phan et al., 2007]) were observed.
4.1.2. Hot Flow Anomalies
[28] HFAs are generated when a solar wind discontinuity
(usually a tangential discontinuity) hits the bow shock, with
the convection electric field pointing toward the disconti-
nuity on at least one side channeling specularly reflected
ions back along the current sheet [Burgess, 1989; Thomas
et al., 1991]. This results in a hot ion population which
expands, excavating the solar wind and laterally driving pile
up regions and shock waves [Fuselier et al., 1987; Lucek
et al., 2004b]. Previous studies of HFAs within the magne-
tosheath [e.g., Eastwood et al., 2008] have shown that they
consist of a complex series of plasma structures containing
flow deflections, density cavities and hot plasma. These are
all unlike the observations of pressure pulses presented here
where little flow deflection is observed, the density exhibits
enhancements and the plasma is colder than the ambient
magnetosheath. The total pressure variations in the magne-
tosheath due to HFAs are also much smaller than those
reported here, 1 nPa in amplitude. In addition, upstream of
the shock THC observed no HFAs and was separated from
THD and THE by only 1 RE in the GSE y-z plane. If the
pressure pulses were caused by HFAs, it is expected that
THC would have observed at least some of them, given the
estimates of the size of HFAs under the upstream conditions
[Facskó et al., 2009].
4.1.3. SLAMS
[29] Short, large-amplitude magnetic structures (SLAMS)
have been observed upstream of the quasi-parallel bow
shock [Schwartz and Burgess, 1991]. One theory for their
origin is the steepening of waves in the ULF foreshock as
they are convected back toward the shock, subsequently
merging with the shock itself [e.g., Lucek et al., 2008].
Using Cluster, Longmore [2005] calculated the densities and
velocities for an interval of SLAMS. SLAMS structures are
associated with large positive density enhancements propa-
gating upstream in the solar wind frame. The dynamic
pressure of SLAMS can be of the order of a few times that of
the solar wind, however this is due to the compression of the
plasma rather than the predominantly velocity driven
enhancements of the magnetosheath pressure pulses. Indeed
SLAMS decrease the velocity of the solar wind plasma, thus
their density and velocity are anticorrelated in the spacecraft
frame unlike the magnetosheath pressure pulses, which
show correlated enhancements. Therefore, the dynamic
pressure enhancements of SLAMS cannot account for the
pulses.
[30] Hietala et al. [2009] proposed that local curvature
changes of the quasi-parallel shock, due to SLAMS, can
explain their reported supermagnetosonic jets. Their obser-
vations however are rather different to those presented here:
the velocity increases exhibited significant flow deflections
as well as a decrease in the density, sandwiched by density
enhancements.
4.1.4. Solar Wind Discontinuities
[31] The observations in the magnetosheath (Figures 2
and 4) show many similarities to the hybrid simulations
by Lin et al. [1996a, 1996b] and Tsubouchi and Matsumoto
[2005] based on the interaction of solar wind discontinuities
with the bow shock: the dynamic pressure pulses were due
to correlated density and velocity increases and the ion
temperature perpendicular to the magnetic field decreased
resulting in a more isotropic distribution.
[32] If the pressure pulses were indeed due to solar wind
discontinuities, one would also expect magnetic field rota-
tions adjacent to the pressure enhancements with an angle of
rotation almost equal to that in the solar wind [Lin et al.,
1996a]. Since on this day magnetic field data between
spacecraft can be aligned using a simple constant time lag,
Figure 4. (a) Solar wind magnetic field as measured by ACE, with blue, green, and red representing the GSE x, y, and z
components, respectively. ACE data have been time lagged by 69 min to correlate with THD and THE. (b) Solar wind/
foreshock magnetic field as measured by THC in GSE coordinates. Data have been lagged by 1 min and removed
between 17:16 and 17:22 UT and post 18:32 UT for clarity as a number of shock crossings were observed. (c) The angle
qBn magnetically connected to THC. The magnetic field used is that from ACE. (d) THC ion energy spectrogram, where
the color scale represents the differential energy flux in eV/(cm2 s sr eV). (e) GSE magnetic field components as measured
by THD in the magnetosheath. (f) The qBn upstream of THD calculated using ACE data. (g) Upstream dynamic pressure
as measured by WIND (black) in the pristine solar wind and THC (green) in the solar wind/foreshock. WIND data have
been lagged by 79 min. (h) Dynamic pressure as measured by THD and THE in the magnetosheath. Pressure pulses
observed by both spacecraft are indicated by arrows. (i) Alfvénic Mach number as measured by THD and THE.
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ACE data (Figure 4a) can be compared directly with that of
THD (Figure 4e) and THE (similar to THD). Being close to
the Sun-Earth line, the shock normal upstream of THD and
THE would have been principally in the GSE x direction
and, according to the Rankine-Hugoniot relations, the GSE y
and z components of the magnetic field downstream of the
shock should have been equal to those in the solar wind
multiplied by the shock compression ratio. Indeed by
inspection, Figure 4 shows good correlation in these com-
ponents between ACE and THD. It was found that the shock
compression ratio was approximately 4, its typical value for
high Mach number flow [Lopez et al., 2011], therefore these
components of the magnetic field as measured by ACE were
multiplied by this ratio and compared directly with THD and
THE. The high-frequency waves and turbulence in the
magnetosheath data were filtered out using a 16 s running
average to aid the comparison. An example of such a com-
parison is shown in Figure 5, showing the general agreement
between ACE and THD.
[33] In the vicinity of pressure pulses, discontinuities in
the solar wind were identified from the ACE data and similar
changes in the magnetic field were sought in the magne-
tosheath (note the GSE x component of the solar wind
magnetic field was relatively constant during the interval
depicted). Two such discontinuity layers (1 and 2) as
measured by ACE are indicated by the black horizontal bars
in Figure 5 with the same discontinuities in the magne-
tosheath highlighted by the turquoise bars. Due to the simple
constant time lag method used to match up the spacecraft
data, discontinuity 1 as observed by ACE and THD are
displaced from one another by about a minute, whereas for
discontinuity 2 they coincide. It is clear that the peaks in the
dynamic pressure are not centered on the discontinuity lay-
ers but are adjacent to them, in agreement with the simula-
tions. This procedure was performed for the entire data set
and many of the observed pressure pulses were found to be
adjacent to large-angle field rotations that were also identi-
fiable in the solar wind. However, some pressure pulses
were observed where, due to the waves and turbulence in the
magnetosheath, no magnetic discontinuities could be iden-
tified despite there existing small-angle discontinuities in the
upstream data. This is a limitation in being able to match up
the solar wind and magnetosheath magnetic fields, as for
small discontinuities the inherent variability of the magne-
tosheath will dominate. Therefore we cannot unambiguously
associate all the observed pressure pulses with solar wind
discontinuities.
[34] In the two-dimensional hybrid simulations by Lin
et al. [1996b], the largest-amplitude pressure pulses (2–
3 times the background total pressure in amplitude) were
observed downstream of a shock which changed geometry
from quasi-perpendicular to quasi-parallel due to an inter-
planetary rotational discontinuity. They attributed this to the
large acceleration in the flow speed by the field tension force
of the transmitted RD. When the shock geometry went from
quasi-parallel to quasi-perpendicular they observed pressure
pulses of somewhat smaller amplitude, 100% the typical
magnetosheath pressure.
[35] In order to quantitatively analyze the changes in the
bow shock geometry upstream of the magnetosheath
spacecraft, streamlines in the magnetosheath are required to
trace back the plasma parcels observed to the model shock.
Since THD and THE were close to the Sun-Earth line, the
simplest approximation to use is streamlines radial from the
Earth. It is expected that in this region of the magnetosheath
the bow shock normal upstream of the spacecraft would be
relatively insensitive to the exact choice of streamline used.
To test the validity of this assertion, the Block-Adaptive-
Tree Solarwind-Roe-Upwind-Scheme (BATS-R-US) global
MHD model [Powell et al., 1999], using average solar wind
conditions for the periods of magnetosheath pressure pulses,
was used to obtain a velocity field for the magnetosheath
from which another set of streamlines could be computed.
The velocity field from the model broadly agreed with the
average velocity behavior (magnitude and direction) mea-
sured by THD and THE. The shock normals from the radial
streamlines differed to those using BATS-R-US from 2
(when the spacecraft were roughly 4 RE from the Sun-Earth
line) up to 13 (when 7 RE from the Sun-Earth line).
Therefore the difference in these shock normals was typi-
cally less than the error between the Peredo et al. [1995]
model and experimentally determined shock normals
[Horbury et al., 2001a, 2002]. Similarly, inflating/deflating
the bow shock in response to the solar wind dynamic pres-
sure modified the bow shock normals by less than 2; hence,
the model shock was kept fixed for simplicity and hence-
forth the BATS-R-US streamlines were used. Note that
Figure 5. (a) Dynamic pressure measured by THD. Pres-
sure pulses are indicated by arrows, with their approximate
durations shown by the width markers. (b and c) GSE y
and z magnetic field components as measured by ACE
(black) and THD (turquoise). ACE magnetic field data have
been multiplied by the bow shock compression ratio of 4 and
lagged by 69 min for comparison with THD. THD magnetic
field data have been smoothed using a running average of
16 s to filter out high-frequency waves and turbulence.
Two discontinuities observed in both the solar wind (black
horizontal bars) and the magnetosheath (turquoise horizontal
bars) were found adjacent to pressure pulses. (d) The angle
qBn upstream of THD calculated using ACE data.
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while in this region of the magnetosheath, near the nose, the
use of MHD streamlines is a suitable enough approximation,
given the relative insensitivity to the bow shock normal
direction, in other areas this may not be the case and a more
sophisticated method may be required.
[36] Figure 4d shows the computed (acute) angle qBn
upstream of THD, the values for THE being very similar.
It is clear that pressure pulses are not found in periods of
quasi-perpendicular magnetosheath, explaining the long
periods of time when pressure pulses were absent. Therefore,
magnetosheath pressure pulses are found downstream of the
quasi-parallel shock, consistent with previous results.
[37] Given that many of the pressure pulses were associ-
ated with solar wind discontinuities, it is of interest to study
what the change in qBn was due to these IMF rotations and
whether these results agree with the simulations. In Figure 5,
discontinuity 1 changed qBn from quasi-perpendicular to
quasi-parallel with a large pressure pulse following the
transmitted discontinuity in the magnetosheath. There was
also a more marginal pressure pulse preceding discontinuity 2,
which changed the shock geometry from quasi-parallel to
quasi-perpendicular. No other pressure pulses were observed
during the period depicted in Figure 5, demonstrating that
pressure pulses are not simply pervasive throughout periods
of quasi-parallel magnetosheath.
[38] This procedure was repeated for all the observed
pressure pulses, and most of the pulses that had already been
associated with solar wind discontinuities were found to be
similar to those in Figure 5; i.e., large-amplitude pressure
pulses seem to coincide with qBn changes from approxi-
mately quasi-perpendicular to quasi-parallel, while typically
smaller-amplitude pulses seem to occur when qBn changed
from approximately quasi-parallel to quasi-perpendicular.
This can roughly be seen in Figures 4f and 4h between
16:30–17:30 UT and 18:30–19:30 UT when there is rea-
sonable agreement between pressure pulses and the jumps in
the value of qBn. However, if one tries to predict the exis-
tence of pressure pulses from such changes in qBn due to
solar wind discontinuities, there are a number of null cases,
e.g., around 16:00 UT where no pressure pulse occurs.
Therefore there are many instances where the observations
seem consistent with the simulations of Lin et al. [1996b],
but there are also a number of examples where this theory
does not agree with the data. However, this may simply be
due to the small spatial structure of the pulses perpendicular
to the flow.
4.2. Interpretation
[39] Our interpretation of the origins of the transient
dynamic pressure pulses presented in this paper most con-
sistent with the observations is through the interaction of
solar wind discontinuities with the bow shock, as illustrated
in Figure 6. A solar wind (rotational) discontinuity is con-
vected into the bow shock. Large-amplitude, transient
dynamic pressure pulses are generated downstream of the
shock by this interaction generally when the shock geometry
changes from quasi-perpendicular to quasi-parallel or vice
versa, due to the IMF rotation. No pressure pulses are found
downstream of the quasi-perpendicular shock. Downstream
of the quasi-parallel shock there are more dynamic pressure
variations than for the quasi-perpendicular, however these
variations are typically smaller in amplitude than the pres-
sure pulses that we have associated with solar wind dis-
continuities. Given our estimates of the pulses’ spatial
structure perpendicular to the flow of 0.2–0.5 RE, we
suggest that the pressure pulses exist in some chain-like
formation adjacent to the transmitted discontinuity as shown
in Figure 6. This interaction, similar to that presented in the
simulations by Lin et al. [1996b], broadly agrees with the
observations however there were a number of null cases
where no pressure pulses were observed when expected.
4.3. Effects on the Magnetosphere
[40] This study focuses on transient pressure variations in
the magnetosheath as that is the relevant quantity in terms of
the motion of the magnetopause. One would expect that the
large-amplitude pulses presented here could impinge upon
the magnetopause and cause effects within the magneto-
sphere. Indeed Amata et al. [2011] have shown that similar
structures can severely distort the boundary. We use the
THA spacecraft to investigate the magnetospheric impact of
these magnetosheath pressure pulses.
[41] THA crossed the magnetopause into the magneto-
sphere, close to the subsolar point, at 17:01UT (Figures 7b–7f).
Several oscillations of the magnetopause surface were
observed between 17:01 and 17:04 UT, as seen in the ion
energy spectrogram (Figure 7b) and ion density (Figure 7d).
During the period depicted in Figure 7, THA encountered
low-latitude boundary layer (LLBL) plasma (indicated by
the black bars), identified by the heated electrons (Figure 7f),
a mixture of high-energy magnetospheric ion populations
and diluted magnetosheath plasma (Figure 7b) and bidirec-
tional streaming electrons (not shown) [McFadden et al.,
2008b, 2008c]; cold ion populations of the order of a few
eV (magenta bars) as have been observed in the vicinity of
the magnetopause before [McFadden et al., 2008d; André
et al., 2010]; and the cold and dense plasma sheet (CDPS)
as previously reported by Øieroset et al. [2008] (grey bar).
[42] At around 17:08 UT, THD and THE observed a
pressure pulse in the magnetosheath (Figure 7a). A couple of
minutes preceding this pulse THA observed a decrease in
energy flux of heated ions and electrons with an increase in
Figure 6. Schematic of the magnetosheath pressure pulse
generation mechanism. (left) A solar wind rotational discon-
tinuity RD incident on the bow shock (BS). (middle) Pressure
pulses are generated adjacent to RD in the magnetosheath
when the geometry has changed from quasi-perpendicular
to quasi-parallel or vice versa. (right) Pressure pulses impact-
ing on the magnetopause (MP) cause it to deform.
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magnetosheath-like ions. The ion velocity moment from
ESA (Figure 7c) showed a signature of motion consistent
with the magnetopause moving due to the action of the
pressure pulse, i.e., antisunward ion motion followed by
sunward. The timings are consistent with the expected lag
between the spacecraft, given the approximate orientation of
the discontinuities and the associated error in this lag,
thereby suggesting that the pressure pulse impinged upon
the magnetopause.
[43] Another pressure pulse was observed by both THD
and THE at around 17:33 UT. A few minutes preceding this
THA, previously in the magnetosphere proper, observed
LLBL plasma sandwiched by cold ion populations. There is
good agreement between the duration of this LLBL plasma
and that of the pressure pulse. This can be interpreted as
further motion of the magnetopause in response to the
pressure pulse impacting upon it, such that only the LLBL
plasma and cold ions passed over the spacecraft.
[44] Later between 18:30 and 19:10 UT, when THA was
0.8–1.2 RE from the initial magnetopause crossing in the
GSE x direction, a series of three cold ion populations were
again observed, with a number of velocity oscillations anti-
sunward followed by sunward. Two of these ion populations
were detected as increases in the density by ESA. The
duration and times of the cold ion populations show fairly
good agreement with the large-amplitude dynamic pressure
enhancements observed by THD and THE. Despite these
pressure pulses being larger in amplitude than the previous
two mentioned, THA was further away from the magneto-
pause therefore the motion of the magnetopause under the
action of the pulses caused only the cold ions at the inner
edge of the LLBL to pass over THA and be detected; i.e.,
the magnetopause motion was such that THA did not enter
the LLBL or cross the magnetopause itself.
[45] These events all support the hypothesis that the
magnetosheath pressure pulses presented here can distort the
magnetospheric boundary, as has been previously shown by
Amata et al. [2011]. This is depicted schematically in
Figure 6 (right).
4.4. Evidence on Other Days
[46] So far we have only presented evidence of magne-
tosheath pressure pulses and their most likely source for one
day. Figure 6 summarizes our interpretation of their gener-
ation and impact upon the magnetopause. However, to
establish the reliability of this hypothesis and to further test
its predictive capability, analysis was performed on 12 other
days when the THEMIS spacecraft were similarly arrayed.
Pressure pulses resembling those presented here were
observed in the magnetosheath on the majority of these days,
though their amplitudes and recurrence rates varied signifi-
cantly, often being weaker than those presented here at
around 1 nPa. On many days there were extended periods of
many hours when no pressure pulses were observed at all,
but these were in agreement with expectations as periods of
chiefly radial IMF (equivalent to quasi-parallel magne-
tosheath) are required for such pulses in the subsolar
Figure 7. (a) Magnetosheath dynamic pressure as measured by THD (turquoise) and THE (blue). Pres-
sure pulses are indicated by arrows. THA observations in the magnetosphere: (b) ion energy spectrogram,
where the color scale represents the differential energy flux in eV/(cm2 s sr eV); (c) ion velocity in GSE
coordinates, where blue, green, and red are x, y, and z, respectively; (d) ion number density; (e) ion tem-
peratures parallel (red) and perpendicular (black) to the local magnetic field; (f) electron energy spectro-
gram, where the color scale represents the differential energy flux in eV/(cm2 s sr eV); and (g) separation
in the GSE x direction from the observed magnetopause crossing to THA.
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magnetosheath, as reported in this paper and previous liter-
ature [e.g., Hietala et al., 2009].
[47] In order to be able to successfully predict the exis-
tence of pressure pulses in the magnetosheath, one must be
able to prescribe the IMF immediately upstream of the bow
shock. On the day so far discussed, the approximate copla-
narity of the discontinuity layers allowed this using simple
constant time lags between spacecraft. As discussed earlier,
the orientation of discontinuities in general can and does
vary meaning that such a method will not be sufficient on all
days. Mailyan et al. [2008] have shown that taking the ori-
entation of discontinuities into account yields more precise
time delays from spacecraft at L1 to near the magnetopause.
For approximately radial IMF the discontinuity layers will
be almost parallel to the solar wind velocity [Knetter et al.,
2004; Horbury et al., 2001b]; i.e., qvn, the angle between
the solar wind velocity and the normal to the discontinuity
layer, will be close to 90. This makes an accurate prediction
of the timings of discontinuities from upstream solar wind
monitors to the bow shock difficult since the error in the
time delay will be large. Indeed Mailyan et al. [2008]
showed that the difference between the observed and pre-
dicted arrival times of discontinuities from L1 (observed by
ACE) to the bow shock (observed by Cluster) increased in
spread with increasing qvn, being up to about 25 min close to
90. Therefore, it is difficult to accurately propagate the solar
wind measured at L1 to the bow shock for the periods of
interest pertaining to magnetosheath pressure pulses. None-
theless THEMIS is often arrayed with at least one spacecraft
upstream of the bow shock close to the Sun-Earth line,
yielding our best possible estimate for the IMF at the sub-
solar bow shock in general. It was broadly found that peri-
ods, of the order of an hour at a time, could be successfully
matched from an upstream THEMIS spacecraft to those in
the magnetosheath, however the correlation was often not as
good as that on the day presented in section 3. Large-angle
magnetic field rotations were fairly easily correlated from
the solar wind to the magnetosheath, however due to the
inherent waves and turbulence in this region it was often not
possible to do the same for discontinuities with smaller
angular changes. Therefore, there were a number of pressure
pulses detected on the other days studied which could not
unambiguously be attributed to a particular discontinuity in
the solar wind. This is an important practical limitation in the
ability to predict magnetosheath pressure pulses via the
interaction summarized in Figure 6.
[48] Despite these difficulties, the results of the other days
studied on the whole were similar to those presented in this
paper. Many of the magnetosheath pressure pulses could be
associated with solar wind discontinuities which changed the
shock geometry upstream of the spacecraft from quasi-per-
pendicular to quasi-parallel or vice versa. However, there
were cases when such discontinuities were successfully
matched up in the solar wind and magnetosheath but no
significant dynamic pressure enhancements were observed.
Therefore, we have found that the pressure pulses presented
in this paper are not unique to just one day but are often
found in the magnetosheath. Their origin is generally con-
sistent with that proposed by Lin et al. [1996b], but there are
many difficulties in accurately associating all such pressure
pulses with solar wind discontinuities and there are often
null cases when pressure pulses were expected but not
observed.
5. Discussion
[49] In this paper, simultaneous observations of the pris-
tine solar wind, foreshock, magnetosheath and magneto-
pause have been presented during a day where pressure
pulses were found in the magnetosheath data. We have
considered the possible causes for the generation of such
pulses and through our analysis eliminated reconnection,
HFAs and SLAMS. Our interpretation of their most likely
cause is summarized in Figure 6. Large-amplitude, transient
dynamic pressure pulses are generated downstream of the
shock adjacent to transmitted solar wind discontinuities.
These pulses are due to correlated enhancements in the
density and velocity, with the velocity proving the largest
contribution to the amplitude of the pulses, and have
dimensions 1 RE parallel to the flow and 0.2–0.5 RE
perpendicular to it. Generally pressure pulses are found
when the shock geometry changes from quasi-perpendicular
to quasi-parallel or vice versa, due to the IMF rotation.
No pressure pulses are found downstream of the quasi-
perpendicular shock. These pressure pulses are subsequently
able to impact upon themagnetopause causing its deformation.
[50] These results are broadly consistent with the predic-
tions of the simulations by Lin et al. [1996a, 1996b] and
Tsubouchi and Matsumoto [2005], however there are a
number of differences. The pressure pulses observed here
exhibit spatial structure perpendicular to the flow whereas
those simulated by Lin et al. [1996b] appeared fairly con-
tinuous throughout the magnetosheath. It is not clear where
such small-scale structure would arise from the large-scale
sizes of interplanetary discontinuities and the quasi-parallel
shock. Multispacecraft studies of similar pressure pulses in
the magnetosheath with smaller spacecraft separations, for
instance using Cluster, could provide a better understanding
of the three-dimensional structure of these pulses which may
assist in addressing this issue. More sophisticated global
magnetospheric simulations could also provide insight. Such
studies could also ratify our interpretation of the chain-like
formation of pressure pulses as shown in Figure 6. One
possible idea as to the origin of the pressure pulses’ spatial
structure is due to the “patchwork” nature of the quasi-
parallel bow shock, being composed of SLAMS [e.g., Lucek
et al., 2004a, 2008].
[51] In the simulations by Lin et al. [1996a, 1996b] it was
found that all solar wind discontinuities caused pressure
pulses downstream of the shock, even if only small in
amplitude, and that they existed throughout the magne-
tosheath adjacent to the transmitted discontinuity. On the
other hand we have found that only the largest of the pre-
dicted pulses from these simulations [Lin et al., 1996b]
generally persist further downstream of the shock, such that
the existence of pressure pulses is highly dependent on the
changes to the local shock geometry. Consequently in a
given region of the magnetosheath, some of the dis-
continuities in the solar wind will generate pressure pulses
whereas others are expected not to (as illustrated in
Figure 6). Therefore, there is a very specific subset of all
solar wind discontinuities which could produce transient
dynamic pressure pulses in the magnetosheath directly
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upstream of the Earth. These pressure pulses will deform the
magnetopause and therefore have effects within the magne-
tosphere. One might expect that such an action would trigger
field line resonances that would be detectable by spacecraft
within the magnetosphere and by magnetometers on the
ground. This, as well as a statistical study of the occurrence
of magnetosheath pressure pulses, will form the subject of
future work.
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